In a recent, and widely cited, paper, Ashenfelter & Krueger (1994) use a new sample of identical twins to investigate the contribution of genetic ability to the observed cross-sectional return to schooling. This paper re-examines Ashenfelter & Krueger's estimates using three additional years of the same twins survey. I find that the return to schooling among identical twins is about 10% per year of schooling completed. Most importantly, unlike the results reported in Ashenfelter and Krueger, I find that the within-twin regression estimate of the effect of schooling on the log wage is smaller than the cross-sectional estimate, implying a small upward bias in the cross-sectional estimate. Ashenfelter & Krueger's measurement error corrected estimates are insignificantly different from those presented here, however. Finally, there is evidence of an important individual-specific component to the measurement error in schooling reports.
Introduction
In a recent, and widely cited, paper, Ashenfelter & Krueger (1994) use a new sample of identical twins to investigate the contribution of genetic ability to the observed cross-sectional return to schooling. An innovation in their paper is the use of multiple measurements of schooling to address the potentially severe attenuation bias in within-twin estimates of the return to schooling that arise from measurement error. Surprisingly, Ashenfelter & Krueger's within-twin estimate of the return to schooling is larger than the comparable ordinary least squares (OLS) estimate. And, their measurement error corrected estimates of the return to schooling range from 12 to 16%, with their most efficient estimate being approximately 13%. Although Ashenfelter & Krueger emphasize that these unusually large estimates result from the measurement error corrections, Neumark (1999) hypothesizes that the large estimates result from upward omitted ability bias in the within-twin analysis that is exacerbated with the instrumental variables (IV) measurement error correction. This paper re-examines Ashenfelter & Krueger's estimates using three additional years of the same twins survey. Using the larger sample, I estimate that the return to schooling among identical twins is about 10% per year of schooling completed. Most importantly, unlike the results reported in Ashenfelter and Krueger, and consistent with earlier twins studies [such as Behrman, Hrubec, Taubman, & Wales (1980) ], I find that the within-twin regression estimate of the effect of schooling on the log wage is smaller than the cross-sectional estimate, implying a small upward bias in the cross-sectional estimate. The within-twin measurement error corrected estimates are also smaller than the cross-sectional estimates. Combined, these results suggest that the within-twin analyses of the return to schooling are less upward biased than the cross-sectional estimates. In addition, Ashenfelter & Krueger's measurement error corrected estimates are not significantly different from those presented here. Given that the survey instrument, population, and interviewers were generally the same, their unusual results are likely due to sampling error. Finally, there is evidence of an important individual-specific component to the measurement error in schooling reports.
Ashenfelter & Krueger's empirical framework
The analysis of the effect of schooling on wage rates is based on a standard log wage equation,
(1) and
where y 1i and y 2i are the logarithms of the wage rates of the first and second twins in a pair, S 1i and S 2i are the schooling levels of the twins, Z 1i and Z 2i are other attributes that vary within families, X i are other observable determinants of wages that vary across families, but not within twins (such as race and age), and ⑀ 1i and ⑀ 2i are unobservable individual components. The return to schooling is b. In order to estimate the return to schooling (and to other twin-specific characteristics) I difference Eqs. (1) and (2) to eliminate the ability effect, obtaining the firstdifferenced, or fixed-effects, estimator,
One of Ashenfelter & Krueger's important innovations is to use multiple measures of schooling to address the problem of measurement error, which is well-known to be exacerbated in first-differenced equations (Griliches, 1977) . As part of the survey, each twin was asked to report on her own schooling level and on her sibling's. Writing S j k for twin j's report on twin k's schooling implies there are two ways to use the auxiliary schooling information. The clearest way to see this is to consider estimating the wage equation in first-differenced form. There are four estimates of the schooling difference) ⌬S i :
where ⌬S i indicates the true schooling difference and the ⌬ i terms represent measurement error. First, one can use ⌬SЈ, the difference in the selfreported education levels, as the independent variable, and ⌬SЉ, the difference in the sibling-reported estimates of the schooling levels, as an instrumental variable for ⌬SЈ. In order for IV to generate consistent coefficient estimates, one must assume that the measurement error in the independent variable is classical (i.e. uncorrelated with the measurement error in the instrument and uncorrelated with the true level of schooling.) The IV estimate using ⌬SЉ as an instrument for ⌬SЈ will generate consistent estimates of the return to schooling even if there is a family effect in the measurement error because the family effect is subtracted from both ⌬SЈ and ⌬SЉ. However, ⌬SЈ and ⌬SЉ will be correlated if there is a personspecific component of the measurement error (generating 'correlated measurement error'). To eliminate the person-specific component of the measurement error it is sufficient to estimate the schooling differences using the definitions in Eqs. (6) and (7), which amounts to calculating the schooling difference reported by each sibling and using one as an instrument for the other.
The data and sample
The data on twin pairs were obtained from interviews conducted at the Twinsburg Twins Festival, which is held annually in Twinsburg, Ohio. Ashenfelter & Krueger's analysis is based on interviews conducted during the summer of 1991. In this paper, I augment their sample with additional data gathered during 1992, 1993, and 1995 thereby increasing the sample size from 149 to 453 twin pairs.
1
My sample consists of identical twins both of whom have held a job at some point in the previous two years and are not currently living outside of the United States. For the 19% of the twins in the sample who were interviewed more than once, I average their responses to most questions across the years.
2 I consider a set of twins 'identical' if both twins responded that they were identical. In the few cases where a respondent was interviewed more than once and gave conflicting answers to whether she and her twin are identical, I average the responses and consider the pair identical if the average over the years and over the twins is more than 0.5 (i.e. that the twins answered that they were identical more often than not).
3 Table 1 provides a comparison of some of the charac-1 See Ashenfelter & Krueger (1994) for a complete description of the festival and the data collection effort. Copies of all four interview schedules are available from the author on request. Table 1 that the respondents in the twins samples are better educated and have a higher hourly wage than the general population. And, the twins samples contain relatively more white workers than the general population. All of these differences may arise from the way twins select themselves into the pool of Twins Festival attenders. The twins samples also contain relatively fewer married people than the general population. It is unclear what effect, if any, these differences would have on inferences one might draw from the samples of twins.
4
Further, the addition of three more years of surveys has changed the mean sample characteristics very little. The survey participants using the larger sample are a little older than Ashenfelter & Krueger's sample, earn slightly more, and are more likely to be married and female. Table A1 of Appendix A shows the correlation matrix which allows for direct estimates of the extent of measurement error in (the cross-sectional) reported schooling in these data. Ashenfelter & Krueger estimate 4 However, OLS estimates of log wage equations using the twins sample and the CPS suggest only small differences between the primary characteristics of the two samples. In addition, the educational distribution in these data is extremely close to that reported in Lykken, Bouchard, McGue, & Tellegan (1990) from the Minnesota Twins Registry. a reliability ratio 5 for the schooling levels of between 0.92 and 0.88, implying that 8-12% of the measured variance in schooling is due to measurement error. The error in reported schooling in the larger sample is somewhat lower with a reliability ratio of 0.93-0.91.
Empirical results

The basic results
Ashenfelter & Krueger's basic OLS, generalized least squares (GLS), 6 first-differenced, and IV estimates are reproduced in columns (1)-(4) of Table 2 along with similar regressions using the larger sample.
7 Both the OLS and GLS cross-sectional estimates of the return to schooling [in columns (5) and (6)] using the larger sample are about 10%, slightly higher than those estimated by Ashenfelter & Krueger. One can estimate the extent to which omitted ability is biasing the OLS estimate by comparing the schooling coefficient in column (3) to that in column (1) (for the bias before correcting for measurement error) or by comparing the coefficients in columns (4) and (2) (for the 5 The reliability ratio is the ratio of the variance in the true level of schooling to the variance in the reported measure of schooling. 6 The GLS estimates are the seemingly unrelated regression method (Zellner, 1962) . I use GLS to increase efficiency by exploiting cross-equation restrictions and to ensure correct computation of sampling errors.
7 These estimates are from Ashenfelter & Krueger's Table 3 . 
by IV (4) (7) by IV (8 1991-93, 1995. bias after correcting for measurement error). Ashenfelter & Krueger's within-twin (or first-differenced) estimate of the return to schooling was higher than the comparable cross-sectional estimate. This pattern is consistent with a downward bias in the OLS estimate due to an omitted family or ability effect (although the within-twin estimate is within a standard error of the cross-sectional estimate). In other words, they estimate that the correlation between omitted ability and schooling may be slightly negative in cross-sectional analyses. An alternative explanation is offered by Griliches (1979) (and more recently Neumark (1999) ) who shows that such a result is theoretically possible in the presence of upward ability bias in the OLS estimate if the upward ability bias is exacerbated in within-twin estimates. This would occur if the correlation between schooling and ability is larger within twins than across twins. This theoretical possibility is applicable to all twin and sibling studies, and a point to which I return in Section 4.3. Analysis using the larger sample, however, suggests that Ashenfelter & Krueger's result is an anomaly. Using all four years I estimate an upward bias in the OLS estimate of about 29%, before I correct for measurement error.
8 Further, when Ashenfelter & Krueger account for measurement error in this specification, their estimate of the return to schooling rises to a surprising 16.7%. Once measurement error is addressed using the larger sample, however, the estimated return to schooling rises to about 9.5%, and the estimated upward bias in the OLS estimate falls to 6%. 9,10 Table 3 replicates the specifications in 9 Given that the reliability ratio for the difference in twins' schooling levels (assuming independent measurement errors) is about 0.62, as reported in Table A2 of Appendix A, the expected IV estimate is a return to schooling of 12.1% which is larger than the actual estimate of 9.5%. Note, however, that the actual estimate is within a standard error of the predicted estimate. The interested reader will also notice that in Table A2 of Appendix A the covariance between ⌬S * and ⌬Log Wage does not equal the covariance between ⌬S ** and ⌬Log Wage (although they should since the twins are sorted randomly.) This apparent discrepancy is entirely due to sampling variability. I estimated these two covariances 2000 times randomly sorting the twins differently each time. The means of the two covariances are equal; the mean covariance is 0.192. In addition, the mean reliability ratio (for Table A2 of Appendix A) assuming independent measurement error is 0.613 and that allowing for correlated measurement error is 0.748; these are very close to the reported values. 10 Ashenfelter & Krueger also control for ability by including the twin's education level in the cross-sectional regression. If I conduct such an analysis using all four years, the GLS estimate comparable to that in column (iii) in Table 3 in Ashenfelter & Krueger is 0.074 (with a standard error of 0.016) and the threestage-least-squares estimate comparable to that in column (iv) in Table 3 is 0.098 (with a standard error of 0.027). While the first-differenced estimate that is uncorrected for measurement error indicates that the difference in the coefficients generated by the two samples is statistically significant at the 5% level, the preferred IV estimate of the difference has a P-value of 0.13. Given that similar survey instruments were employed on the same population using similar interview teams, the unexpected sign of the ability bias and the large magnitudes in the return to schooling in Ashenfelter & Krueger are likely due to sampling variability. 
Independent and correlated measurement errors
The second innovation in Ashenfelter & Krueger's paper is their ability to test for the presence of an individual-specific component to the measurement error in 11 I employ slightly different sample selection criteria than Ashenfelter & Krueger which results in slightly different samples for 1991. However, if I restrict my sample to those interviewed in 1991, I get results qualitatively similar to those reported by Ashenfelter & Krueger. 12 If I fully interact the model in column (1) with having been interviewed in 1991, the P-value of the test of the joint significance of the interactions is 0.065. Much of the significance is driven by the interaction with whether the respondent is white, however, as the P-value rises to 0.14 when the interaction with race is excluded from the F-test. I have also interacted the difference in education in columns (7) and (8) with dummy variables indicating the year of the interview. The OLS estimates [that correspond to column (7)] indicate significant differences between the years although the IV estimates do not. These results are available from the author on request.
schooling. If the individual-specific component of the measurement error is important, IV estimates assuming independent measurement errors will be inconsistent. Table 4 contains estimates that control for observable differences between twins while assuming both independent and correlated measurement errors. 13 The GLS estimate that ignores the family effect is contained in the first column of Table 4 . The cross-sectional estimate of the economic return to schooling, conditional on other covariates, is 11.1%. The fixed-effects estimate provided in column (2) of Table 4 falls to 8.9%. Column (3) in Table 4 uses ⌬SЈ, the difference in the self-reported education levels, as the independent variable, and ⌬SЉ, the difference in the sibling-reported estimates of the schooling levels, as an instrumental variable for ⌬SЈ. As Table  4 indicates, the IV estimate is about the same magnitude as the cross-sectional estimate in column (1).
The last two columns in Table 4 report the results of fitting Eq. (3) to the data using one twin's report of the within-twin schooling difference as an instrument for the other twin's report of the same difference. This strategy generates an estimate that is consistent in the presence of a person-specific component to the measurement error. Similar to the results in columns (2) and (3), the IV estimates that allow for correlated measurement errors are also close to the conventional cross-sectional estimates of the economic return to schooling. Although the individual-specific component to the error term should make the estimate assuming independent measurement errors larger than the estimate that relaxes this assumption, the The difference in education is the difference between twin 1's report of twin 1's own education and twin 2's report of twin 2's own education. The instrument used is the difference between twin 2's report of twin 1's education and twin 1's report of twin 2's education. b The difference in education is the difference between twin 1's report of twin 1's own education and twin 1's report of twin 2's education; the instrument used is the difference between twin 2's report of twin 1's education and twin 2's report of twin 2's own education.
results in column (5) suggest a return to schooling of 12% compared to an estimate of 11% in column (3). This difference again highlights the importance of sampling error as the two estimates are well within a standard error of one another.
14 Although the IV estimates suggest that the assumption of independence in the measurement errors is not economically important, one can test the assumption more formally using a method of moments framework. The theoretical covariance matrix for ⌬y, ⌬SЈ, ⌬SЉ, ⌬S*, and ⌬S ** implied by Eqs. (3)- (7) is reproduced in Table 5 (a) under the assumption that there is a person-specific component to the measurement error which is the fraction ' v ' of the total measurement error variance. (Thus, v is the correlation between the measurement errors in the reports of schooling by one sibling.) Note that the 14 This interpretation of the difference is reinforced by a second (and underappreciated) source of variability in twin studies: the order of the twins is random. As a result, the firstdifferenced ('fixed-effects') estimates can vary depending on the order in which the data have been sorted. I have re-estimated the first-differenced estimates in Tables 2-4 2000 times randomly changing the order of the data each time. The estimates presented here are essentially at the mean of the estimates generated; the only exceptions are that the mean estimates allowing for correlated measurement errors in Table 4 are 0.083 for column (4) and 0.109 for column (5). It is also worth noting that when I performed this same exercise using only the 1991 data, about 30% of the OLS within-twin estimates were lower than the cross-sectional estimate. restriction v ϭ 0 results in the theoretical covariance matrix assuming independent measurement errors, i.e. the first three columns and rows of Table 5(a). Thus, the independent measurement error model is nested within the correlated measurement error model, and it is possible to test the restriction. The empirical covariance matrix (that does not partial out the effects of other twinspecific characteristics) is presented in Table 5 (b). Table 6 contains generalized method of moments estimates (implemented using a maximum likelihood strategy with the statistical package LISREL) of the basic parameters set out in Tables 5(a) and (b). The estimates in columns (1)-(3) assume independent measurement errors. Because of the two measures of the difference in schooling levels, the parameters are over-identified. Separate estimates using each measure of the difference are in columns (1) and (2); estimates restricting these coefficients to be equal are in column (3). Again, the estimates of the return to schooling are smaller than those reported in Ashenfelter & Krueger. The restricted model [column (3)] suggests a return to schooling of 0.107 compared to an estimate of 0.162 reported in Ashenfelter & Krueger. The 2 statistic of over-identifying restrictions, presented at the bottom of the table, indicates that the restrictions are not rejected.
15 I present the 15 These estimates are not fully efficient because not all of the restrictions have been imposed. This was done for comparison with Ashenfelter & Krueger. Given the similarity of the point estimates it is unlikely that imposing the extra restrictions would result in any qualitative changes. Table 5 (a)Theoretical covariance matrix; (b) empirical covariance matrix There are 445 observations. Table 6 provide clear evidence of an important personspecific component to the measurement error in schooling levels. 16 In addition, a likelihood ratio test between the two models rejects the model that restricts the correlation to be zero.
Within-twin vs cross-sectional estimates of the return to schooling
As originally highlighted by Griliches (1979) , a potentially important issue with within-twin (and withinsibling) estimates of the return to schooling is whether the resulting estimates are actually less (upward) biased than cross-sectional estimates. If the ratio of the withintwin variance in ability to the within-twin variance in schooling is greater than the ratio of the cross-sectional variance in ability to the cross-sectional variance in schooling, then within-twin estimates of the return to schooling may actually be more upward biased than cross-sectional estimates.
While more severe upward ability bias in within-twin estimates is theoretically possible, Ashenfelter & Rouse (1998) provide (indirect) evidence that cross-sectional estimates of the return to schooling likely contain more upward ability bias than within-twin estimates. For example, approximately 60% of the cross-sectional variance in schooling is between families (once corrected for measurement error), and between family measures of schooling are highly correlated with observables such as marital status, union status, job tenure, and spouse's education, whereas the within-twin measures of schooling are not.
In addition, in all cases presented here, the cross-sectional estimates are greater than the within-twin estimates, whether or not the within-twin estimates are corrected for measurement error. Therefore, to the extent that omitted ability is upward biasing the within-twin estimates, it is more severe in the cross-sectional estimates.
A final point made by Neumark (1999) is that because the OLS within-twin estimates of the return to schooling suffer from both downward and upward biases (due to measurement error and ability biases), whereas the IV within-twin estimates only suffer from upward biases (due to ability bias), the OLS within-twin estimate of the return to schooling may most accurately reflect the 'true' return to schooling. This situation would exist if the within-twin ability bias were large enough to off-set the (relatively large) measurement error bias. This is a theoretical possibility that requires an estimate of the magnitude of the potential ability bias in twins analyses. While the magnitude of this bias is currently unknown, the upward ability bias in cross-sectional estimates likely provides an upper-bound. Given that recent IV estimates of the return to schooling employing other identifying strategies suggest little ability bias in cross-sectional estimates [e.g. Angrist & Krueger (1991); Card (1993) ; Kane & Rouse (1993) ], the overall evidence likely favors the measurement error corrected within-twin estimates.
Conclusion
The results in this paper using additional data on twins indicate that each year of schooling increases earnings by ⌬SЈ is the own-twin report of the schooling difference; ⌬SЉ is the twin-report of the schooling difference; ⌬S* is one twin's report of the schooling difference; and ⌬S** is the other twin's report of the schooling difference [see Eqs. (4)- (7)]. The difference in education is the difference between twin 1's report of twin 1's own education and twin 2's report of twin 2's own education. The instrument used is the difference between twin 2's report of twin 1's education and twin 1's report of twin 2's education. b The difference in education is the difference between twin 1's report of twin 1's own education and twin 1's report of twin 2's education; the instrument used is the difference between twin 2's report of twin 1's education and twin 2's report of twin 2's own education.
